The Planck experiment has measured the Cosmic Microwave Background (CMB) angular spectrum with unprecedented accuracy, and these results are likely to remain the state-of-the art for a decade or more. Since these measurements are going to be used to forecast Euclid's ability to test alternative dark matter models, we aim to set the final CMB constraint on the cross section of dark matter-photon scattering in the early universe. As the formalism has not been published in the literature yet, we present the key steps to derive the full set of linearized Einstein and Boltzmann equations and elucidate necessary modifications to the line of sight and the tight coupling approximation. These approximation schemes are commonly used in Boltzmann codes to reduce computational costs, but the tight coupling regime has been neglected in previous works related to dark matter-photon interactions. Our computations account for a dark matter sound speed, which was neglected in previous work. We find that its effect is negligible on the CMB spectra but fairly important on the linear matter power spectrum. We then analyse the Planck data, with and without the 2015 polarisation data at high multipoles. In both cases our constraint on the ratio of the elastic scattering cross section to the dark matter mass becomes more stringent with respect to previous constraints. The change is about 35% when the full Planck dataset is added (which includes E-mode polarisation at high multipoles and the lensing potential power spectrum) and about 20%. when we only account for the polarisation data at low multipoles and the full temperature spectrum. Our most conservative limit reads as σDM−γ ≤ 2.25 × 10 −6 σ Th (mDM/GeV) at 95% confidence. We do not expect this limit to change by adding the recently published SPT data.
I. INTRODUCTION
The CMB angular power spectrum measurements by the Planck satellite [1, 2] have enabled to establish the validity of the standard Λ cold dark matter cosmological model (ΛCDM) down to galaxy scales [3, 4] . These results are now used by the Euclid [5] collaboration to forecast Euclid's ability to constrain the nature of dark energy. However, extensions of the ΛCDM scenario, allowing for interactions between dark matter and standard model particles [6] [7] [8] [9] [10] [11] , are still allowed by the data and would lead to slightly different cosmological parameters [12] . As these alternative models predict a different linear matter power spectrum at small scales [6, 13] than the standard ΛCDM model, they deserve to be studied with the same level of precision as ΛCDM. Indeed, Euclid and other surveys such as LSST [14] and WFIRST [15] may reveal deviations to the ΛCDM model predictions.
In this work we aim to constrain the presence of dark matter-photon interactions with great precision. In presence of such an interaction the linear matter power spectrum exhibits damped oscillations at small scales, which alter the evolution of the baryon-photon fluid in the early universe [16] . This phenomenology can be described in terms of a single new parameter: the radio of the dark matter-photon scattering cross section to the dark matter * julia.j.stadler@durham.ac.uk mass, which we parametrize as
with σ Th the Thomson cross section. In what follows, we refer to the dark matter component by using the subscript "DM". A constant dark matter-photon cross section, as assumed in Eq. 1, requires a coupling between dark matter and charged particles. Such particles could belong to the standard model or to an extension of it. There is no guarantee that dark matter couples to electrons and/or protons (for recent constraints see Ref. [17, 18] ), therefore attempts to probe the dark matter-photon coupling enable one to cover all aspects of dark matter interactions.
Upper bounds on u DM−γ have been derived from both observations of the CMB fluctuations [12, 19] and structure formation at small scales [20] [21] [22] [23] [24] [25] [26] . CMB spectral distortions are also another promising avenue to derive further constraint [27, 28] . However, all these analyses rely on modified Boltzmann codes to either predict the CMB spectrum or obtain the primordial matter-power spectrum as initial condition for N-body simulations.
Boltzmann codes use various approximation schemes to speed up the computations. One of them is the tight coupling approximation, which is relevant at early stages of the evolution of perturbations, well before decoupling, when baryons and photons interact significantly, i.e. both fluids are tightly coupled. The very good agreement between CMB observations and ΛCDM predictions hints that the rate for dark matter-photon scattering is much smaller than the Thomson scattering rate [6, 13, 16] . Hence, the impact of dark matter-photon scattering on the (baryonic) tight coupling approximation was thought to be negligible and has not received much attention so far. To our knowledge modified equations of the tight coupling regime, which take into account dark matterphoton scattering, have not been published in the literature. Although expressions for dipole dark matter exist [7, 8] , however, these apply to dark matter-baryon scattering. Inspecting several non-public Boltzmann codes, which include dark matter-photon scattering, we found that expressions used for the tight coupling approximation varied. We therefore think it is useful to give a systematic derivation of the relevant expressions and quantify their impact on the final results.
Dark matter-photon scattering implies a non-zero dark matter sound speed. The latter was neglected in previous works on dark matter-photon scattering but its equivalent was accounted for in the context of dark matterbaryon interactions [7, 26] . The computation of the dark matter sound speed introduces an additional parametric dependence on the dark matter mass but its inclusion in the equations is necessary to quantify the impact of the dark matter interactions on the CMB and P(k) spectra.
Since the latest constraints of dark matter-photon interactions were derived before the CMB polarisation data in the multipole range 30 ≤ l ≤ 1996 [3] became available, and the equations governing the linear evolution of cosmological perturbations were never explicitly derived in the literature, we aim to clarify the formalism and provide the final constraint using the Planck data on the dark matter-photon interactions. This will become particularly relevant after the launch of the Euclid mission in 2020, designed to measure galaxy clustering and weak gravitational lensing in 36% of the observable sky up to a redshift of z 2 [5] . Euclid's determination of the matter power spectrum will provide a probe of u DM−γ , which is complementary to CMB constraints but extends to smaller cosmological scales and thus is potentially sensitive to even smaller values of u DM−γ .
During the preparation of this manuscript the SPTpol experiment released new measurements of the E-mode polarisation auto correlation (EE) and the temperature E-mode cross correlation (TE) angular spectrum in the multipole range 50 < l ≤ 8000 [29] . These observations where obtained with a 500 deg 2 sky coverage and constitute the most sensitive measurements of the EE and TE angular spectra at large multipoles. Although these new datasets are not implemented yet in the MontePython code, which we use for parameter extraction, we have studied how they may change the limit that we obtained for the dark matter-photon scattering cross section to mass ratio.
In section II, we recall the formalism to include dark matter-photon interactions in the equations governing the evolution of the dark mater and photon fluids. We quantify the impact that such interactions have on the cosmological parameters in section III and conclude in section IV. To derive our constraints we use a modified version of the Boltzmann code CLASS 1 (version 2.6) [30, 31] , which we made available online 2 .
II. LINEAR EVOLUTION OF COSMOLOGICAL PERTURBATIONS IN THE PRESENCE OF DARK MATTER PHOTON INTERACTIONS
In this section, we derive the full formalism, that leads to the equations, which are implemented in the CLASS code. For clarity, we first recall the equations for the ΛCDM standard model before discussing the case of dark matter-photon interactions.
Throughout the paper we will follow the notation established in [32] , where one finds a comprehensive derivation of the Boltzmann equations for ΛCDM. We consider a spatially flat FRW universe with comoving coordinates x µ , where µ refers to the four space-time components (roman letters running from 1 to 3 will be used to label space components). In the Newtonian gauge, scalar metric perturbations are described by two potentials φ and ψ and the line element is
with τ the conformal time defined as dx 0 = dτ = dt/a(t) and a(t) to the scale factor. We denote derivatives with respect to τ by a dot.
A. Boltzmann hierarchy in absence of dark matter-photon interactions
We first derive the key equations that lead to the wellknown perturbation equations associated with the relativistic and non-relativistic species in a ΛCDM scenario. We start by decomposing the stress energy tensor T µ ν into a homogeneous background and small fluctuations around it, i.e. T µ ν =T µ ν + δT µ ν . From this, it is straightforward to derive that the density perturbation δ, the velocity dispersion θ and the shear stress σ of these species are related to the stress energy tensor via the following expressions
where P and ρ denote the pressure and energy density respectively. The bar symbol refers to background quantities while the hat indicates unit vectors.
Perturbations for non-relativistic species
The evolution of the baryon and dark matter perturbations follows from the conservation of the stress-energy tensor ∇ µ T µ ν = 0, where ∇ µ is the covariant derivative of the perturbed metric. Expanding the conservation equation to first order in perturbations yieldṡ
where we defined the adiabatic sound speed as c 2 s ≡ dP/dρ ≡ w + ρw/dρ and the reduced Hubble rate H ≡ a/a. Eq. (4) is valid for a single uncoupled fluid but needs to be modified for a species, which interacts with another component. We will derive these modifications for baryons coupled to photons below but first focus on dark matter.
In the ΛCDM scenario dark matter is described by a perfect fluid with vanishing sound speed and shear stress. The possible dark matter interactions with Standard Model particles (or within an hypothetical dark sector) are disregarded. Under this assumption, Eq. (4) reduces toδ
For baryons energy-momentum conservation needs to be considered at the level of the coupled baryon-photon fluid. Thus Eq. (4) is valid for the mass-averaged perturbations δ and θ of the coupled fluids, i.e. Eq. (4b) becomes
where in the sum s runs over baryons and photons. Using Eq. (20) below for the photon perturbations the evolution of baryons is then described bẏ
where R ≡ 4ρ γ /3ρ b and c 2 b is the baryon sound speed.
Perturbations for relativistic species
Now, that we have derived the Boltzmann equations for all non-relativistic components, we can turn to the evolution of photons and neutrinos. For these relativistic species the shear stress can not be neglected and a description in terms of the full phase space distribution is needed. The phase space distribution can be expanded in terms of a small perturbation Ψ around the homogeneous background distribution f 0
Depending on the species that is considered f 0 either follows a Bose-Einstein distribution (photons) or a FermiDirac statistic (neutrinos) with temperatures T γ or T ν respectively. The energy-momentum tensor is related to the phase space distribution by the integral
where g is the determinant of the (perturbed) metric tensor with (−g)
. q is the comoving proper momentum, which we decompose into modulus q = |q| and direction n i = q i /q. The evolution of f (x i , q, n j , τ ) is then governed by the Boltzmann equation
where the right hand side represents a collision term, accounting for interactions between individual species. Expanding Eq. (10) in perturbations, collecting all terms, which are first order and finally applying a Fourier transformation yields a differential equation for the evolution of Ψ ∂Ψ ∂τ
where = (g 2 + a 2 m 2 ) 1/2 is the proper energy measured by a comoving observer.
We can now focus on the particular case of the photons and massless neutrinos, which provides a good description of the evolution of neutrino perturbations during the decoupling. We first get rid off the momentum dependence of the energy distribution f (x i , q, n j , τ ) by making a Legendre polynomial decomposition of the quantity
(with s = γ, ν). Using the expression of F s (k,n, τ ) thus obtained, namely
we then express the density fluctuation, velocity dispersion and shear stress as
The evolution of the cosmological perturbations is particularly simple in the case of neutrinos since the collision term can be neglected, owing to the very weak strength of the neutrino interactions at very low energy. Integrating Eq. (11) over d3 f 0 (q) and dividing by the same integral gives the evolution of F ν
To get the evolution of the energy density, velocity dispersion, and shear we then need to substitute F ν by its Legendre expansion (as expressed in Eq. (13)), integrate over
dxP n (x) where n = 0, 1, 2... and make use of the orthogonality relations. This finally yields the following set of coupled differential equations where the evolution ofḞ νl is related to the evolution of the l + 1 and l − 1 multipoles only:
The evolution of the photon fluid is different because the collision term (namely the Thomson interactions) can no longer be neglected. Owing to the expression of the cross section these interactions introduce a polarisation dependence, which can be accounted for by simultaneously evolving both the sum (F γ (k,n, τ )) and the difference (G γ (k,n, τ )) of the phase space densities associated with each photon polarisation states. Denoting Ψ 1 and Ψ 2 the perturbations of each polarisation state, we can define
which leads to the corresponding Boltzmann equationṡ
The respective collision terms are given by [33, 34] 
where v e is the electron's coordinate three velocity related to the velocity dispersion by ik j v j = θ , and the Thomson scattering rate is defined asκ = an e σ Th . Integrating Eq. (18) against Legendre polynomials in the same fashion as done for neutrinos we obtain a hierarchy of coupled equationṡ
(20h)
B. Boltzmann Hierarchy in presence of dark matter-photon interactions
The introduction of dark-matter-photon interactions changes both the dark matter and photon Boltzmann equations. This was explained in details in [12, 16] . Here we recall the main equations for the photon and the dark matter components.
A collisional term, that reflects the interactions between the Dark Matter and the photons, needs to be added to the right hand side of Eq. (18a) and Eq. (18b). Here we model it in the same way as for the baryonphoton interactions. I.e. we assume that the dark matter-photon scattering amplitude has the same angular polarisation dependence as the Thomson elastic scattering cross section. We leave the investigation of different angular dependencies for further studies. Under these assumptions we find
withμ being the rate for dark matter-photon scatterinġ µ ≡ an DM σ DM−γ . With this addition the Boltzmann equations for F γ and G γ becomė
The decomposition into equations for the individual multipoles is similar to that in Sec. II A and also yields a set of coupled equations. However, they are augmented by a new interaction term:
C. Dark matter evolution in the presence of dark matter-photon interactions
While the evolution equations of baryons and neutrinos remain unaffected by dark matter-photon scattering, the evolution of dark matter perturbations is modified according to Eq. (6), yieldinġ
where S ≡ 4ρ γ /3ρ DM and we have allowed for a non-zero dark matter sound speed [7, 32] 
with m DM being the mass of the dark matter particle.
In the standard ΛCDM scenario dark matter is assumed to decouple from the photon bath at some early time after which T DM evolves as a −2 . Consequently the dark matter temperature is small at all times relevant to the computation of CMB fluctuations and hence the dark matter sound speed can be neglected. Elastic scattering between dark matter and photons, however, maintains kinetic equilibrium between both species and implies a larger dark matter temperature, which now evolves aṡ
In light of this the effect of the dark matter sound speed on the computed CMB spectra can not be neglected a priori, as done in previous works on dark matter-photon scattering [12] . However, as we show in section II F, for realistic dark matter masses the inclusion of the dark matter sound speed affects the computation of CMB spectra at a negligible level of accuracy.
D. Line of Sight Integration
Now that we have derived the new set of equations, we can focus on their resolution and the treatment of the baryon-photon tight coupling regime. The computation time, required to solve the Boltzmann equations, can be significantly reduced [33] by introducing the line of sight integration approach [35, 36] . Here we derive all modifications to this method necessitated by the presence of dark matter-photon interactions. Starting point for this derivation is Eq. (22), which, defin-
We now define
and the visibility function g(τ )
which describes the probability that a photon last scattered between τ and dτ and thus is sharply peaked at decoupling. We can simplify the polarisation equation by integrating ∂ t ∆ P exp(ikγ − κ − µ) over the past lightcone from 0 to the present time τ 0 , which leads to
The previous equation was obtained by integration by parts where the boundary terms vanish. Finally, the dependence on the angle γ can be removed by again integrating by parts, leading to
Using the same tricks enables us to express ∆ T as
We can now define the source functions S T and S P as
The final step of the line of sight integration consists in expanding the exponential in Eq. (34) in terms of its radial and angular eigenfunctions, which are spherical Bessel functions and Legendre polynomials respectively. Performing the ensemble average and integrating over γ allows us to express the multipoles ∆ T l and ∆ P l as an integral over a source and a spherical Bessel function
The comparison of Eq. (34) with Eq. (32) and Eq. (33) yields an expression for the source functions, which only depends on the first few multipoles and thus simplifies the computational effort tremendously
We note that S P is modified by the dark matter-photon interactions only indirectly, through the definition of the visibility function g, while the dark matter-photon scattering rate enters the expressions for S T directly.
In CLASS the temperature source function is split into three different parts [37] 
where the dot indicates that the code evaluates the analytic expression for the derivative. The derivatives that are denoted by d/dτ are estimated numerically. In the past this splitting has led to some confusion in the context of dark matter-photon interactions. It is therefore useful to provide the explicit expressions for all three terms
E. Tight Coupling Approximation
At early times the interaction rates in Eq. (23) and Eq. (7b) become large and hamper numerical integration. In this regime photons and baryons are tightly coupled such that θ γ − θ b is very close to zero. It is possible to reformulate the evolution equations in terms of the photon baryon slip
for which an analytic expansion, in powers of the inverse Thomson scattering τ c ≡κ −1 rate, can be found [32, 38] . This approach eliminates all occurrences ofκ from the evolution equations and renders numerical integration feasible.
Experimental constraints indicate that the dark matter-photon scattering rateμ has to be much smaller thanκ. This means that the expansion that we performed stays valid. We will comment on this in more detail below. However, the main point is that the equations governing the photon-baryon slip and the evolution of cosmological perturbations are modified in the presence of dark matter-photon interactions. Here we derive all necessary changes following the steps of Ref. [31] .
To obtain equations, which are easier to integrate numerically,κ can be removed from the evolution of θ b and θ γ by rewriting them aṡ
At the same time, Eq. (7b) and Eq. (23b) can be combined to give an implicit equation for Θ γb
This equation can be cast into the form
where 1. Using a sum series ansatz y(t) = n=1 n y n (t), the solution up to second order in is found to be
To make the analogy we multiply Eq. (42) byτ c /τ c , wherē τ c is the opacity at some arbitrary time, around which we perform the expansion. We require that the dimensionless parameters τ c H, τ c k and τ cμ are all much smaller than unity. Nowτ c = 0 and we can identify
Using the result of Eq. (44), we find an expression for Θ γb up to second order inτ c
where, in the second line, we defiedf Θ = τ c /(1 + R).
Eventually we are interested in an expression for the photon-baryon slipΘ γb , which we now write aṡ
Eq. (48) requires the computation ofġ Θ , which is conventionally cast in the forṁ
. This expression forġ Θ can be further simplified by using Eq. (7b) and Eq. (23b) together with the relationμ = −2Hμ to givė
Note that for a temperature independent scattering cross section the occurrence of the term proportional toμ in the evolution of θ γ cancels out theμ(θ γ −θ DM ) term froṁ g Θ . The first order expression for the photon-baryon slip in the presence of dark-matter photon interactions is now given bẏ
Similar expressions have been obtained for scenarios, in which the tight coupling regime is modified by a coupling term between dark matter and baryons [7, 8] . Extending the calculation to second order in τ c , we obtaiṅ
To solve the evolution ofΘ γb at second order in τ c a first order expression for σ γ is needed, while the evolution ofθ γ requires knowledge of σ γ at order τ c 2 . As we will show shortly, all further multipoles contribute at subdominant order and can be neglected during the tight coupling regime. Polarisation multipoles at l = 0, 2 obey (cf. Eq. (23))
where
The leading order behaviour of the higher order multipoles is given by
while for the polarisation dipole we obtain
Thus
We can use Eq. (23e) and Eq. (23g) to obtain approximate expressions for the photon polarisation
These expressions are also used to give initial conditions for the integration of the full Boltzmann hierarchy (c.f. Eq. (24)), once the approximation of tight coupling loses it's validity. We find for the photon shear at first order
and to second order we obtain
Finally, a comment on the validity of the tight coupling approximation is in order. We identified three conditions, τ c H 1, τ c k 1, and τ cμ 1, of which the former two are also present in ΛCDM. For the latter we find in the early universe, before the epoch of recombination
The critical values of τ c H and τ c k, that determine when the tight coupling approximation is no longer valid, and one needs to integrate the full Boltzmann equations, are larger than 10 −3 . Therefore the additional requirement on τ cμ is automatically satisfied in all scenarios with realistic cosmological parameters as long as u DM−γ 0.01. 
F. Impact on CMB spectra
The effects of dark matter-photon scattering on the CMB temperature and polarisation spectra have been discussed in Ref. [12, 16] and are shown in Fig. 1 . There are three major effects: (a) the reduction in magnitude of the acoustic peaks at small scales by collisional damping, (b) a shift in the position of the largest Doppler peak towards higher multipoles caused by the decreased sound speed of the photon plasma, and (c) the enhancement of the first acoustic peaks due to a decrease in the photon's diffusion length.
In this section we quantify the impact, which the inclusion of the dark matter sound speed and our modifications to the tight coupling regime have on the computed CMB spectra.
Effect of the dark matter sound speed
The dark matter sound speed evolves in two stages, which can be clearly distinguished in Fig. 2 : when the interaction rate between the dark matter and the photons is large enough to maintain both species in kinetic equilibrium, the dark matter temperature is equal to the photon temperature and the sound speed evolves as a −1 . Once these interactions cease to be effective the dark matter temperature redshifts as a −2 and the sound speed decreases faster in this regime. The cross section to mass ratio u DM−γ sets the time of decoupling and hence has some small impact on the value of c DM . However, the sound speed is inversely proportional to the dark matter mass (c.f. Eq. 25) and this parameter governs the magnitude and relevance of c DM .
To quantify the impact of the dark matter sound speed on our results, we compare a set of CMB spectra for which the sound speed was arbitrarily set to zero to some spectra obtained with the same ΛCDM + u DM−γ parameter values but different dark matter masses. The relevant spectra for the comparison with the Planck measurements are the temperature auto-correlation (TT), the E-mode-polarisation auto correlation (EE) and the temperature E-mode cross correlation (TE) spectrum. As expected, the differences depend only mildly on u DM−γ but strongly on the dark matter mass. The differences are smaller when the dark matter-photon coupling is smaller and are larger as the dark matter mass decreases. Tab. I lists the maximum differences obtained for a cross section to mass ratio u DM−γ = 0.02. For all the three spectra, we find that -for a dark matter mass of at least 10 keV -the inclusion of the dark matter sound speed affects our computations below the percent level. The maximum effect on the TT-spectrum was found to be 0.3 % and on the EE-spectrum 0.8 %. Those masses, which are small enough for the dark matter sound speed to have a sizeable effect on the CMB spectra, imply a sound speed close to unity at the beginning of the evolution of the smallest modes and are not subject to this work.
We will therefore neglect the dark matter sound speed for the reminder of this work as this has the advantage of removing the dark matter mass and reducing the number of additional parameters.
Indeed, the scales probed by CMB experiments are too large for the dark matter sound speed to have a sizeable effect. We note, however, that there may be an impact at smaller scales. These can be probed by N-body simulations of structure formation [21] [22] [23] [24] , which require the linear matter power spectrum as an input. In Fig. 3 ratio of u DM−γ = 10 −7 and u DM−γ = 10 −9 . The dark matter sound speed leads to a suppression of small scale structure on its own. As the magnitude of c DM is dominantly set by the dark matter mass, this parameter also determines the scale at which the suppression occurs due to the sound speed. On the other hand, the scale at which the suppression of structure caused by the scattering terms in the Boltzmann equations becomes becomes relevant is entirely determined by u DM−γ . In particular for small dark matter masses the former effect can dominate, i.e. the sound speed causes suppression at larger scales than the scattering terms. In this case, the matter power spectra computed with and without taking into account sound speed contributions differ from each other considerably. From Fig. 3 it is evident that, for the smallest dark matter masses considered here, the damping scale depends on u DM−γ only very mildly. As the dark matter mass increases, the suppression of power induced by the collisional damping effect starts to dominate and c DM can be safely neglected. The larger the value of u DM−γ , the smaller the dark matter mass at the transition point. We have checked that for cross sections to mass ratios as small as u DM−γ = 10 −9 the zero sound speed result is recovered for dark matter masses of 1 GeV (c.f. Fig. 3 ). In light of these findings the results of previous studies on the non-linear evolution of dark matter scattering with photons [21] [22] [23] [24] remain valid under the assumption of a large enough dark matter mass. For smaller dark matter masses one can potentially derive stronger constraints by taking into account the dark matter sound speed correctly.
To compare our results, obtained for zero dark matter sound speed, with those of previous works we ran the same code as was used in Ref. [12] . The main discrepancy between our work and previous approximations is a slightly different expression for the tight coupling approximation (see Eq. (51)). Comparing the CMB angular power spectra obtained with both codes, we find that the largest differences occur for the temperature spectrum and can reach up to 10 µK 2 . However, the code used in Ref. [12] is based on CLASS version 1.6, and CLASS itself has undergone major changes since then [37] . Moreover, the default values of many cosmological and precision parameters in CLASS, such as e.g. the parameters de- 4 . Difference between the CMB temperature and polarisation spectra computed from the expressions found in section II and those used in Ref. [12] . The plot was obtained for a scattering cross section to mass ratio of uDM−γ = 10 −4 .
scribing reionization or the primordial helium abundance during BBN, have changed, and, for a meaningful comparison, they need to be set to the same value in all codes by hand. To determine the importance of the tight coupling regime, we transferred the code used in Ref. [12] to an up-to-date version of CLASS. The resulting differences are depicted in Fig. 4 and are most prominent for the temperature cross-correlation spectrum. However, even in this case, they appear to be smaller than 0.01 µK 2 , which is well below the experimental sensitivity. We therefore conclude that the results of Ref. [12] are robust against our modifications.
III. PARAMETER EXTRACTION A. Methodology
We use our modified version of CLASS v2.6 together with the Monte Carlo code MontePython 3 [39] to effectively sample the model's parameter space, following the methodology of Ref. [12, 40] . The latter corresponds to the six parameters of the standard ΛCDM model, namely the baryon density Ω b h 2 , the dark matter density Ω DM h 2 , the ratio between the sound horizon and the angular diameter distance at decoupling θ s , the reionization optical depth τ reio , and the amplitude A s and spectral index n s of primordial perturbations plus the dark matter-photon coupling strength u DM−γ .
In this baseline scenario we assume two massless and one massive neutrino of m ν = 0.06 eV and adjust the effective number of neutrinos to the standard model prediction of N eff = 3.046 [41] . In an additional run we also let the effective number of radiative degrees of freedom N eff free to vary.
To understand how the polarisation data affects our conclusions, we start by analysing the Planck 2015 temperature data over the full range of multipoles (2 ≤ l ≤ 2508) plus the polarisation data at low multipoles (2 ≤ l ≤ 29) [42] . We refer to this dataset as "Planck TT + lowTEB". We then include the polarisation data at high multipoles up to l = 1996 and refer to this set as "Planck TTTEEE + lowTEB". The Planck collaboration considers this data set as preliminary due to unresolved systematic at the level of O(1) µK 2 [42] . Finally we extend both datasets by the 2015 Planck measurements of the CMB lensing potential power spectrum C φφ l [43] . We refer to these data sets as "+ lensing".
All scenarios, for which the inferred value of H 0 is in less than 2σ tensions with local measurements from Cepheids variables [44] are reanalysed. For that we assume a Gaussian prior on H 0 (H 0 = 73.24 ± 1.75 km(s Mpc) −1 ), by opposition to the flat prior used to analyse previous datasets. We refer to this analysis by the extension "+ R16".
In addition to the model parameters mentioned above the Planck temperature likelihood at high multipoles contains 15 nuisance parameters (and further 12 if polarisation data is considered), modelling foreground effects [42] . These are sampled jointly with the model parameters and then marginalised over to derive our final results. To check the correctness of our parameter extraction we run ΛCDM test scenarios for several combinations of data sets.
For these test sets we find that some of the nuisance parameters differ by roughly 1σ from the results published by the Planck collaboration 4 . We believe this is connected to the nuisance parameters D kSZ and D tSZ , which describe the amplitude of the kinetic (kSZ) and the thermal (tSZ) Sunyaev-Zel'dovich effect, respectively. While the Planck collaboration employs an additional joint Gaussian prior
, only the individual flat priors on both parameters are implemented in MontePython. The purpose of this additional Gaussian prior, used by the Planck collaboration, is to keep the tSZ and kSZ amplitudes from drifting into unphysical regions of the parameter space, which have been previously excluded by the SPT experiment [45] . Ultimately, we are only interested in the correct determination of the model parameters, for which the central values vary by 0.4σ with respect to Planck results in the most extreme cases. Comparable shifts have been obtained by the Planck collaboration, comparing results obtained with the codes CAMB and PICO [42] . To further verify the validity of our results, we use the "lite" likelihood, which has been marginalised over nuisance parameters and thus is unaffected by the issue described above. We find a very good agreement between the confidence intervals for cosmological parameters extracted from the "lite" and the full likelihood. Therefore we believe the intervals found for our model parameters are accurate.
B. Results based on the "Planck TT + lowTEB" data set
Results obtained from datasets without the high multipole polarisation data are given in Tab. II. Using the "Planck TT + lowTEB" dataset, we find a 95% CL upper limit on the dark matter-photon scattering cross section σ DM−γ ≤ 2.25 × 10 −6 σ Th (m DM /GeV). This limit is about 20% stronger than those derived in Ref. [12] , using the 2013 data release. The constraint tightens up by another 20% when the lensing data is included in the analysis.
We also find that the limits on u DM−γ are only marginally affected when the effective number of neutrinos is set as a free parameter. While the central values found for N eff lie somewhat above the standard model prediction of N eff = 3.046, these discrepancies remain well below 1σ for all scenarios.
For the scenarios where N eff is free to vary, we observe that the value of H 0 increases slightly. This increase can be caused by two distinct effects. Firstly, interactions between dark matter and photons increase the magnitude of the first acoustic CMB peaks. This increase is less pronounced in a younger universe, hence the larger H 0 value. Secondly, there is a well-known degeneracy between H 0 and N eff that leads to larger values of H 0 when the effective number of neutrinos is free to vary.
The Planck collaboration reported H 0 = 68.0 +2.6 −3.0 km/(s Mpc) for the ΛCDM scenario when analysing the "Planck TT + lowTEB + N eff " datasets and H 0 = 68.5 +2.5 −3.0 km/(s Mpc) by adding the lensing data. These results are very similar to the ones obtained by our analysis (see Tab. II), indicating that H 0 is well constrained from the measurement of the CMB spectrum and cannot be significantly altered by the inclusion of dark matter-photon scattering. We find that for those datasets where N eff is allowed to vary the tension with local measurements of H 0 (i.e H 0 = 73.24 ± 0.75 [44] ) is less than 2σ. Therefore we are able to combine these datasets with the R16 data. The results of this analysis are presented in section III D.
Finally, we note that all the datasets reported in this section prefer a smaller central value and larger confidence limits for σ 8 than in the ΛCDM scenario. The Planck collaboration reported σ 8 = 0.829 ± 0.014 for the "Planck TT + lowTEB" data set and σ 8 = 0.8149 ± 0.0093 if lensing data is included in the analysis. Allowing N eff to vary these intervals become σ 8 = 0.834 Fig. 5 , where we show the linear matter power spectrum for various interaction strengths. Dark matter-photon interactions lead to a suppression of power on small scales. The largest value of the elastic scattering cross section to mass ratio, that is allowed by CMB observations, lead to a visible suppression of the linear matter power spectrum at 8 Mpc, precisely.
C. Results including high multipole polarisation data
Tab. III shows our results when we include the polarisation data at high multipoles. We note that the addition of information from polarisation at small scales allows to further constrain the u DM−γ ratio for dark matter-photon interactions. Including data from temperature and polarisation at low and high multipoles as well as lensing potentials, the constraint on the cross section becomes as small as σ DM−γ ≤ 1.49 × 10 −6 σ Th (m DM /GeV). This makes the constraint 35% stronger than that derived in Ref. [12] .
The addition of small-scale polarisation data partially breaks the degeneracy between H 0 and N eff . Now the data requires values of H 0 , which are too low to reduce tensions with local measurements below 2σ, even if N eff is free to vary. All results we obtain for the effective number of neutrinos are perfectly compatible with the standard model expectation.
As in the previous section, we find lower values for σ 8 than those obtained for a ΛCDM-scenario by the Planck collaboration, namely σ 8 = 0.831 ± 0.013 for the "Planck TTTEEE + lowTEB" dataset and σ 8 = 0.8150 ± 0.0087 if lensing data is including. Allowing N eff to vary, this confidence limits become σ 8 = 0.828 ± 0.018 and σ 8 = 0.809 ± 0.013. As explained in the previous section, this is due to the onset of collisional damping on the scale of 8 Mpc for the largest couplings allowed by CMB data. Consequently, all datasets presented here are in less than 1σ tension with the KiDS-450 measurement of σ 8 .
D. Results with R16
For those scenarios where N eff is let free to vary and polarisation data is ignored, the tension between the value inferred for H 0 and local measurements [44] is less than 2σ. Applying a Gaussian prior on H 0 , we, however, notice that larger values of H 0 and N eff are not supported by CMB data. That is true even when dark matterphoton scattering is allowed. In both cases H 0 only shifts very slightly and tensions remain at 1.9σ and 1.7σ respectively. Likewise, N eff experiences only a small shift to- wards larger values remaining compatible with the standard model expectation at the 1σ level.
IV. CONCLUSIONS
In the standard ΛCDM model dark matter is assumed to be collisionless. However, interacting dark matter models are also compatible with current data. In this work we consider the possibility of elastic scattering between dark matter and photons. Not only would such an effect modify the CMB angular spectra for temperature, polarisation, and lensing, but it would also have a noticeable impact on the matter power spectrum.
As shown in Fig. 5 dark matter-photon interactions introduce a characteristic cut-off scale in the matter power spectrum followed by a series of damped oscillations. This suppression of power can be very significant. For the maximally allowed values of u DM−γ found in this work, the P (k) would be reduced by roughly two orders of magnitude with respect to ΛCDM at k ∼ 1 h/Mpc. Probing the imprint of dark mater particle properties on the matter power spectrum is one of the science goals of the Euclid mission [5] . The Euclid data will allow to constrain the dark matter-photon scattering through their impact on the linear matter power spectrum at considerably smaller scales than the CMB (c.f. Fig. 5 ).
It is thus of interest for large scale surveys, such as Euclid [5] , to obtain precise theory predictions and up-todate constraints on the possible interaction strength. To this end we reviewed the formalism governing the evolution of cosmological perturbations in the presence of dark matter-photon interactions, by explicitly deriving the modified Boltzmann equations, the source functions for the line of sight integration, and modifications to the tight coupling approximation. Various expressions have been used in the past for the tight coupling approximation. We show that these discrepancies only affect the computed CMB spectra at the 0.01 µK 2 level, well below current experimental sensitivity. However, we find it valuable to have the formalism standing on a more solid footing.
Dark matter photon interactions lead to non-zero dark matter sound speed. We find that the inclusion of such a term affects the CMB predictions at a sub-percent level and hence can be neglected, while the effect on the matter power spectrum is much more important, as can be seen in Fig. 3 .
We perform a similar analysis to Ref. [12, 40] but include the full 2015 Planck temperature, polarisation, and lensing data. Considering temperature data at high multipoles only, we already find that constraints on the interaction cross section tighten by 20% with respect to previous results, giving σ DM−γ ≤ 2.25 × 10 −6 σ Th (m DM /GeV). Further improvement can be achieved by considering lensing and polarisation data, leading to an overall decrease by 35% with respect to the results of Ref. [12] . However, our tightest constraint, σ DM−γ ≤ 1.49 × 10 −6 σ Th (m DM /GeV), has to be taken with a grain of salt as the Planck collaboration considers the high-multipole polarisation data as preliminary due to unresolved systematic effects of O(µK 2 ). We note that the imminent Planck data release is expected to provide more accurate high-multipole polarisation measurements, which might affect our u DM−γ upper limit slightly.
While preparing this manuscript, the SPTpol experiment released measurements of the EE and TE CMB polarisation, which constitute the most sensitive data at large multipoles, i.e. l > 1050 and l > 1475 respectively [29] . This work also includes the determination of the temperature auto-correlation (TT) spectrum up to multipoles as large as l = 8000. However, significant atmospheric contaminations where left in the TT spectrum so this dataset was not used to constrain cosmology in Ref. [29] .
In Fig. 6 we show the residuals between the "Planck TT + lowTEB" ΛCDM best fit model and the SPTpol data. This figure also depicts the impact, which the maximally allowed value of u DM−γ (at 95% confidence) would have on the best-fit ΛCDM model for different datasets. To obtain these curves we first compute the CMB spectra from the best fit values found by the Planck collaboration for the six-parameter ΛCDM model and the specific dataset. We then add the maximally allowed value of u DM−γ for the specific dataset (cf. Tab II and Tab. III) but keep the value of the six ΛCDM parameters the same as determined by the Planck collaboration in absence of interactions, and finally we compute the difference between the scenario with and without the dark matterphoton interactions.
From Fig. 6 it is obvious that dark matter-photon scattering has the most sizeable effect on the EE and TE spectra at intermediate multipoles, up to l 2000. Furthermore, we see that these interactions are already tightly constrained by the Planck TT spectrum. Indeed, the effect that the maximally allowed values of u DM−γ have on the TE and EE spectrum is smaller than the SPTpol 1σ errorbars at all scales.
Therefore, while the new SPTpol data has not been included in our runs, it is very unlikely that its inclusion would make any difference to the upper bound on u DM−γ . Adding the SPTpol data might narrow the allowed regions for the ΛCDM parameters, but we do not observe any parameter degeneracies with u DM−γ that would suggest this could have a huge impact on our result.
